Cells in the central nervous system are normally prevented from coming into contact with albumin and other protein components of blood by the existence of a tight blood-brain barrier. Astrocytes and other glial cells proliferate to form glial scars when the blood-brain barrier is breached. In this report we show that albumin is an important blood component responsible for inducing astrocyte proliferation. Albumin also generates maintained trains of calcium spikes in astrocytes. Neither activity depends on blood coagulation, as albumins from both serum and plasma are approximately equally effective. Methanol extraction of albumin abolishes both actions, and recombination of the methanolextracted factor with extracted albumin restores full activity indistinguishable from that of native albumin. The factor is sensitive to lipase, and the solvent extraction profile is that of a polar lipid.
spikes in astrocytes. Neither activity depends on blood coagulation, as albumins from both serum and plasma are approximately equally effective. Methanol extraction of albumin abolishes both actions, and recombination of the methanolextracted factor with extracted albumin restores full activity indistinguishable from that of native albumin. The factor is sensitive to lipase, and the solvent extraction profile is that of a polar lipid.
Breakdown of the blood-brain barrier in a variety of conditions such as head injury, stroke, or multiple sclerosis releases blood proteins into the brain and triggers proliferation of astrocytes and other glial cells to form a glial scar (1) . The blood factors producing this mitotic response are unknown, but a possible involvement of albumin is suggested by the finding that albumin from serum produced by blood coagulation causes proliferation when applied to fibroblasts (2) (3) (4) and spike-like elevations of intracellular calcium when applied to Xenopus oocytes, fibroblasts, and other cells (5) (6) (7) (8) (9) . Plasma albumin, from uncoagulated blood, is inactive in all cells so far investigated. The difference between the actions of serum and plasma albumin can be attributed to the presence of phospholipids bound to the serum form of albumin. The principal active phospholipid is lysophosphatidic acid (2, 9) , which is released from platelets during blood coagulation and binds tightly to albumin (10) (11) (12) .
In the present study we have investigated the effects of albumin on astrocytes. Several differences from the previously described effects on Xenopus oocytes and fibroblasts were immediately apparent. In addition to its mitogenic and calcium spike-inducing actions, albumin at low concentrations causes a decrease in intracellular calcium concentration ([Ca]s). Spike generation and stimulation of DNA synthesis in astrocytes are found to depend on the conjugation of albumin to a lipid factor, which is unlikely to be lysophosphatidic acid, as both serum and plasma albumin are approximately equally effective. The differences between the responses to albumin of astrocytes and those of other cells suggest the existence of receptors and signaling pathways different from those described for other cells.
MATERIALS AND METHODS
Preparation and Recording. Astrocytes with the characteristic type 1-like morphology were obtained from the cerebral
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cortices of 1-to 3-day-old rat pups, by using a modified version of the methods in ref. 13 , and were cultured for 3-4 weeks in Dulbecco's modified Eagle's medium (DMEM; GIBCO no. 041-019660) supplemented with 10% (vol/vol) fetal bovine serum at 37°C and in 5% C02/95% air, before plating onto polylysine-coated coverslips 2-4 days before use. Cultures were shaken for 24 hr 7-9 days after isolation to remove type-2-like astrocytes and oligodendrocytes, and 14-16 days after isolation cytosine arabinoside (10 ,uM) was added to kill dividing contaminating cells. All cells in typical cultures stained positive for glial fibrillary acidic protein and few cells with the characteristic stellate type 2-like morphology were seen; such cells were not used in the present study. Immediately before each experiment, a coverslip was transferred to Hanks' solution (140 mM NaCl/5.4 mM KCl/1 mM MgCl2/2 mM CaCl2/10 mM sodium Hepes, adjusted to pH 7.35 with HCl), and cells were loaded with the calcium-sensitive dye fluo-3 by incubation in the AM ester (5 ,uM, Molecular Probes) for 15-30 min at room temperature before imaging intracellular calcium under a Bio-Rad MRC-600 confocal microscope using a Nikon X60 oil immersion lens, numerical aperture 1.4 (14) . Fluorescence Preparation of Albumin. Bovine plasma albumin (BPA; Sigma A9306) was used throughout unless otherwise stated; the sources of other serum and plasma albumins are specified. Lipid-free albumin (LFA) was produced by dialyzing BPA, dissolved in water, against a large excess of methanol to ensure complete extraction of lipid; LFA was then dried to remove methanol. Methanol-soluble factor (MSF) was produced by shaking 1 g of albumin for three 1-hr periods with 10 ml of methanol; aliquots were then centrifuged at 10,000 x g for 10 min and combined before evaporation under vacuum to dryness (8 explain the need to use a 4-fold excess of MSF when preparing reconstituted albumin (RA) by combination with LFA (see Fig. 3 ). A similar method was used to assay the ability of various organic solvents to extract MSF (see Table 2 ). MSF (or the extract obtained with other solvents) was dissolved in methanol before direct application or to prepare RA; the final concentration of methanol in these solutions was 0.5% and had no effect by itself on the calcium responses of the astrocytes or on mitotic activity. Organic solvents used to test the extraction of MSF (see Table 2 ) were 2% (vol/vol) acetic acid in diethyl ether, chloroform/2-propanol, 2:1 (vol/vol), ice-cold acetone (0°C), ethanol, and methanol (all reagent or HPLC grade). Sensitivity of MSF (extracted from 500 mg of albumin) to lipase was tested with agarose-immobilized lipase 1-A (wheat germ; Sigma L-2764, 1000 units, pH 7.3); after 48 hr at 37°C, the lipase was filtered off, and the product was dried, extracted with methanol, reconstituted with LFA, and dialyzed. Albumin lipids were extracted with activated charcoal [Sigma C3014; charcoal/protein, 3:1 (wt/wt); 18 hr in 0.1 M formic acid]
followed by centrifugation, dialysis, and evaporation to dryness.
Preparation of Plasma and Serum. Rat plasma was prepared from adult rats by drawing blood into heparin (50 units/ml) or EDTA (1 mM). The blood was centrifuged for 5 min at 10,000 rpm in an MSE benchtop centrifuge, and the supernatant plasma was dialyzed overnight at 0°C against a large excess of Hank's solution. Serum was prepared by using a similar procedure by omitting anticoagulant and allowing the blood to clot for 2 hr before centrifuging.
Assay for DNA Synthesis. Astrocytes grown to "50% confluence on polylysine-coated coverslips were exposed for 24 hr to serum-free medium to inhibit cell division, followed by 24 hr in serum-free test medium supplemented with 10 ,uM bromodeoxyuridine (BrdU). Cells were then washed, fixed in 4% (wt/vol) paraformaldehyde for 2 min, treated with 2 M HCl at 37°C for 20 min to denature DNA, neutralized with 0.1 M borax, and permeabilized with 1% Triton X-100. BrdU was labeled with mouse anti-BrdU monoclonal antibody [DAKO, 1:20 dilution in PBS with 2% (vol/vol) goat serum, 2 hr], followed after a thorough wash with rhodamine-labeled goat anti-mouse IgGl (Euro-Path, Cornwall, U.K., 1:200 dilution, 1 hr, with 2% goat serum to suppress nonspecific binding). All nuclei were labeled with 4',6-diamino-2-phenylindole (Molecular Probes, 1 ,ug/ml) and BrdU-positive nuclei were expressed as a percentage of total. At least 250 nuclei were counted per coverslip, and each point is the mean of six or more coverslips from at least three experiments.
RESULTS
Responses of Astrocyte [Ca2+], to Albumin. Fig. 1 shows that the response of cultured cortical astrocytes to albumin differs from that ofXenopus oocytes (5) Spike trains induced by albumin apparently continue indefinitely, as spikes have been observed from single cells continuously for 30 min, and maintained spiking is observed in cells exposed to albumin for >24 hr. All viable cells responded to high albumin concentrations with at least one spike, even in the absence of extracellular calcium, and continuous spike trains were observed in 59% of cells. Albumin at 5 mg/ml gave half-maximal activation of the height of the first spike and at 14 mg/ml gave a half-activated spike frequency (Fig. 1B) . While the levels of albumin required to produce these effects and HSA (Sigma A1653) induce calcium spikes similar to those caused by BPA used in the majority of experiments. All concentrations were 40 mg/ml. A full dose-response curve for HSA is shown in Fig. 1B (solid squares). (B) HSA produces a strong increase in [Ca] i in a fibroblast cell line (NIH 3T3) but BPA is ineffective. HPA was also ineffective (data not shown). All concentrations were 40 mg/ml (n = 6; three coverslips). (C) Effect of rat plasma at various dilutions (shown above each application) compared with the effect of BPA (40 mg/ml). Similar results were obtained with rat serum. Plasma and serum were prepared (n = 11; three coverslips). (D) Effects of rat plasma and serum on an NIH 3T3 fibroblast (n = 3; one coverslip).
Cell Biology: Nadal et al.
Proc. Natl. Acad Sci USA 92 (1995) Albumin was usually used at 20 mg/ml to test for its action in causing spike-like increases in calcium (40 mg/ml was used in some instances but the effects were similar to 20 mg/ml; see Fig. 1 ). Activity in promoting DNA synthesis was tested by using albumin at 20 or 40 mg/ml (the effects are similar; see Fig. 4A ) and was scored as positive if the percentage of labeled nuclei was three or more times greater in the test sample than in the control exposed to DMEM alone and negative if there was no significant difference from control. FAF, fatty acid free albumin; NS, source not stated; NT, not tested.
are high, they are well below the concentration in blood (typically 35-50 mg/ml).
Serum and Plasma Albumin. The effects of albumins from different sources were tested in Fig. 2 . BPA, human plasma albumin (HPA), and human serum albumin (HSA) induced calcium spikes similar in form ( Fig. 2A) . The dose-response relation of HSA was similar to that of BPA (Fig. 1B) . In contrast, NIH 3T3 fibroblasts, like Xenopus oocytes (5), respond only to serum albumin and not to plasma albumin (Fig. 2B) . Table 1 shows results obtained with albumins from a range of sources. Both plasma and serum albumins induced calcium spikes, although albumin from some manufacturers had been delipidated and was ineffective in inducing spikes. Albumins from all sources are active in producing decreases in calcium at low concentrations.
Freshly isolated rat plasma induced decreases in [Ca] i at low concentrations and spikes at higher concentrations, similar to the responses to albumin (Fig. 2C) . In fibroblasts, however, only serum was effective in inducing calcium spikes, though some reduction in [Ca] i was observed in response to plasma (Fig. 2D) . These results show that the marked differences between the responses to serum and plasma albumin, which have been observed in other cell types (5) (6) (7) (8) , are not present in astrocytes. The agonist specificity of the receptor responsible for spike production in astrocytes must, therefore, be different from that in other cells investigated to date. (Fig. 3A) .
The factor removed from albumin by methanol extraction (MSF) can be recombined with the extracted albumin, and this RA then regains its spike-inducing activity (Fig. 3B) . MSF has some interesting effects when applied by itself (Fig. 3A) . The factor produces one calcium spike (or at most two) on application, but spike trains, such as are observed with albumin, are not seen even with prolonged application. No reduction in the resting [Ca] i level was observed with any concentration of the factor. Repeated application of the factor caused strong adaptation of the response to the factor itself and to albumin, while repeated application of albumin or RA produced little adaptation (Fig. 3C) .
A partial characterization of MSF is presented in Table 2 . The factor is not a protein as it is extracted by methanol through a dialysis membrane of cutoff 12-14 kDa and is insensitive to boiling. The failure to extract the factor into Hanks' solution excludes a smaller peptide. The factor is a lipid, as it is removed by activated charcoal and is digested by lipase. It is likely to be a polar lipid, such as a phospholipid or a ganglioside, as it is removed preferentially by methanol, and not a fatty acid, which would be extracted preferentially by acidic diethyl ether, or a neutral lipid, which would be ex- Spikes elicited by 100 ,uM glutamate were reduced by pertussis toxin in a similar manner. Pertussis toxin was from Porton Products (Maidenhead, U.K.).
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Cell Biology: Nadal et aL Various components of albumin were compared with BPA (20 mg/ml) for spike-inducing activity. The height of the first spike was expressed as a percentage of the mean response to bracketing applications of BPA. Decr, decline in [Ca]i observed.
tracted preferentially by a mixture of chloroform and 2-propanol or by ice-cold acetone (15, 16) .
Stimulation of DNA Synthesis. The possibility of a connection between calcium spike production and stimulation of DNA synthesis was investigated in the experiments shown in Fig. 4 . DNA synthesis is strongly stimulated by plasma albumin, whose maximal activity is -50% that of 10% fetal bovine serum (Fig. 4A) . Activity is half-maximal at albumin concentrations of '12 mg/ml, similar to that giving half-maximal activation of spike frequency (see above). Lavendustin A, which blocks the actions of tyrosine kinase growth factors, had no effect on either spike production (data not shown) or DNA synthesis (Fig. 4B) , whereas pertussis toxin partially blocked both (Figs. 3D and 4B) . Methanol extraction, which abolished the spike-producing activity of albumin (Fig. 3A) , also abolished its mitogenic activity (Fig. 4C ), and reconstitution with MSF restored both spike production (Fig. 3B ) and mitogenic activity (Fig. 4C) . The mitogenic activity of albumin is, therefore, linked intimately to its spike-producing activity (see also Table 1 ). There is not an invariable link for all agonists between spike production and DNA synthesis, however, as glutamate, another potent agonist eliciting calcium spike trains in astrocytes (17) (18) (19) (20) , had no significant mitogenic activity even at levels far above those maximally effective in producing spikes (Fig. 4D) The activation of DNA synthesis caused by increasing levels of BPA (Sigma A9306; concentrations in mg/ml), compared with the DNA synthesis observed in 10% fetal bovine serum (FBS) and in serum-free medium (DMEM). Similar effects were obtained using HSA (Sigma A1653). Albumin from Boehringer Mannheim (nos. 775827 and 238031) or fatty acid-free albumin from Sigma (A3803), none of which produced calcium spikes, had no stimulatory effect on DNA synthesis (see Table 1 ). (B) Effect on DNA synthesis of the tyrosine kinase blocker lavendustin A (Lav-A; Calbiochem; 10 ,uM in DMEM) and pertussis toxin (20 ng/ml in DMEM). Lavendustin had no significant effect, while the reduction with pertussis toxin was highly significant (**, P = 2.8 x 10-4). All albumins were at 40 mg/ml. Proc. Natt Acad Sci USA 92 (1995) phospholipid or ganglioside. Previous studies (2-10) have shown that lysophosphatidic acid, a phospholipid bound to serum albumin and exhibiting all the above properties, induces calcium signals in Xenopus oocytes and fibroblasts and is a mitogen for fibroblasts. The lipid factor in the current study is unlikely to be lysophosphatidic acid, because plasma albumin, to which little lysophosphatidic acid is bound (4), is as potent in its effects on astrocytes as serum albumin.
Stimulation of DNA synthesis is a normal precursor of mitosis, implying that albumin is acting as a mitogen in astrocytes. This action and the production of calcium spikes are insensitive to tyrosine kinase inhibitors but are sensitive to pertussis toxin and, therefore, occur via a G-protein-linked mechanism.
The results suggest the existence of a lipid receptor involved in the response to albumin. The receptor is activated by a lipid component attached to native albumin from either serum or plasma. Activation of this receptor by native albumin stimulates mitosis and calcium release from subcellular stores in repetitive trains of spikes. An understanding of the signal pathways underlying the effects of albumin described in this study may open up the possibility of modulating the glial cell proliferation that occurs after breakdown of the blood-brain barrier and of reducing the formation of the glial scars that appear to impede neuronal regeneration.
